) in the aging process was initially proposed as the "free radical theory" by Harman in the 1950s (12) , whereby ROS attack cellular molecules and cause the functional decline of organ systems, which eventually leads to death. Aging is dependent on mitochondrial dysfunction, cellular senescence, inflammation, and vascular dysfunction, which are associated with ROS ( Fig. 1) (16) . Underlying mechanisms remain unclear. In normal blood vessels, nitric oxide (NO) is released from the endothelium and diffuses into smooth muscle to produce vasorelaxation. In aged vessels, O 2 •Ϫ levels are increased by mitochondrial dysfunction or NADPH oxidase activation and negatively regulated (reduced) by antioxidant enzymes such as Mn-SOD (SOD-2) and cytosolic Cu,Zn-SOD (SOD-1) (1, 16) . NO reacts with O 2
•Ϫ to form peroxynitrite (ONOO Ϫ ), which can induce protein modifications and DNA damage (20) . Reduction of endothelium-derived NO contributes to vasoconstriction and inflammation. Thus a decrease in NO bioavailability as a result of excess O 2
•Ϫ formation is a major cause of endothelial dysfunction in aging.
The extracellular form of Cu,Zn-SOD (ecSOD, SOD-3) is the major SOD in the vascular extracellular space. It protects against inactivation of NO released from the endothelium by O 2
•Ϫ during diffusion to smooth muscle (19) , thereby preserving endothelial function. In studies using ecSOD-deficient mice, ecSOD has been shown to play an important role in various oxidative stress-dependent pathophysiologies, including hypertension, ischemia-reperfusion injury, and lung injury (7, 8, 23) . Several lines of evidence suggest a role for ecSOD in aging. The R213G polymorphism in the ecSOD gene has been linked to an increase in cardiovascular risk (15) that is not revealed until 70 yr of age in humans. Plasma levels of ecSOD decrease with aging (6), and gene transfer of ecSOD improves endothelial function in old rats (2) . However, it remains unknown whether ecSOD expression or activity in blood vessels is regulated by aging and whether endogenous ecSOD is involved in regulation of vascular function during aging.
In this issue, using aged (old) and younger (adult) ecSOD Lund et al. (16a) provide the first evidence in aged (old) and old (adult) ecSOD Ϫ/Ϫ mice that endogenous ecSOD plays an essential role in protection against O 2
•Ϫ -mediated endothelial dysfunction during aging. They showed that acetylcholineinduced endothelium-dependent relaxation of the aorta from old (29 mo old) and adult (11 mo old) ecSOD Ϫ/Ϫ mice is significantly impaired compared with that from wild-type mice at each age, whereas sodium nitroprusside-induced relaxation is not altered. Moreover, the extent of endothelial dysfunction is much greater in aged ecSOD Ϫ/Ϫ than younger ecSOD Ϫ/Ϫ mice and is rescued by infusion of the SOD mimetic tempol. Impaired relaxation of arteries in response to acetylcholine with increasing age is consistent with previous studies in rats (2) and is presumably due to elevated levels of O 2 •Ϫ in aged arteries (2) . Although Lund et al. did not measure O 2
•Ϫ levels in aged ecSOD Ϫ/Ϫ mice, tempol-induced restoration of relaxation to acetylcholine strongly supports the possibility that O 2
•Ϫ is increased in the aorta of these mice. Their data also suggest that impaired endothelial function in aged ecSOD Ϫ/Ϫ mice might be due to reduced bioavailability of NO, rather than impaired smooth muscle function. ecSOD expression is also significantly decreased in the aorta from old mice compared with young mice, and the correlation between endothelial function and ecSOD expression is much steeper in aged mice than younger mice. These findings suggest a greater protective effect of ecSOD against endothelial dysfunction in aged mice. This may be due to higher vascular O 2
•Ϫ levels in old mice than in younger animals (2). Consistent with this idea, Brown et al. (2) demonstrated that gene transfer of ecSOD in old rats reduces O 2
•Ϫ to the levels observed in young rats and restores vascular function without significant effects on young animals. Fig. 1 . Role of extracellular superoxide dismutase (ecSOD) in endothelial function during aging. A causative role of reactive oxygen species (ROS) in the aging process has been referred to as the free radical theory of aging (12) . In particular, senescence, mitochondrial dysfunction, and inflammation have been proposed to be linked to aging via ROS (16) . In aged ecSOD Ϫ/Ϫ mice, endothelium-dependent vasorelaxation is markedly impaired. During aging, decreased expression of ecSOD leads to an increase in extracellular O2
•Ϫ , resulting in oxidative inactivation of endothelial nitric oxide (NO) synthase (eNOS)-derived NO and peroxynitrite (ONOO Ϫ ) formation, which in turn contribute to endothelial dysfunction. Given that eNOS-derived NO increases ecSOD transcription, the aging-induced decrease in eNOS expression may result in a decrease in ecSOD. This further increases extracellular O2
•Ϫ levels and, thus, promoting impaired endothelial function.
These findings indicate that ecSOD more effectively protects against endothelial dysfunction in aged animals, which would have higher extracellular O 2
•Ϫ levels than younger animals. Consistent with the results from ecSOD Ϫ/Ϫ mice, previous reports show that endothelium-dependent vasorelaxation is markedly impaired in old Cu,Zn-SOD ϩ/Ϫ and Mn-SOD ϩ/Ϫ mice because of enhanced O 2 •Ϫ production compared with young mice (3, 5) . One of the underlying mechanisms has been explained by activation of poly(ADP-ribose) polymerase via oxidative DNA damage (21) , because poly(ADP-ribose) polymerase inhibitor improves endothelial function in old Cu,Zn-SOD ϩ/Ϫ mice (5). Importantly, this response is not observed in Mn-SOD ϩ/Ϫ mice (3). Although Lund et al. (16a) show no effects on vessel contraction induced by PGF 2␣ or serotonin in aged ecSOD Ϫ/Ϫ mice, vasoconstriction is enhanced in aged Cu,Zn-SOD ϩ/Ϫ and Mn-SOD ϩ/Ϫ mice. Thus each isoform of SOD, expressed in a different location of the vessel wall, seems to play an important role in protecting vascular function during aging through distinct mechanisms.
Lund et al. (16a) also reported that mRNA levels of ecSOD, but not Cu,Zn-SOD or Mn-SOD, are significantly reduced in aged (old) mice compared with younger (adult) mice. This finding is consistent with a previous report of no compensatory upregulation of Cu,Zn-SOD or Mn-SOD in ecSOD Ϫ/Ϫ mice (11, 14) . Mechanisms for selective reduction of ecSOD with aging are not clear. Reduced levels of ecSOD have been reported in plasma of older patients (6) . Because endothelial NO synthase (eNOS) is a positive regulator for ecSOD expression (9, 18) and the eNOS level tended to be decreased in aged mice in the study of Lund et al. (16a) , reduced eNOS may also contribute to decreased ecSOD mRNA expression. Lu et al. (17) reported a decrease in cardiac Cu,Zn-SOD activity but no change in Cu,Zn-SOD protein levels in ecSOD Ϫ/Ϫ mice challenged with pressure overload. This might be caused by inactivation of Cu,Zn-SOD by ONOO Ϫ , which is formed by reaction of NO with O 2
•Ϫ due to ecSOD deficiency (10) . It is tempting to speculate that a similar phenomenon may be observed in aged ecSOD Ϫ/Ϫ mice. Thus, not only mRNA, but also protein level and activity of Cu,Zn-SOD or Mn-SOD, in aged ecSOD Ϫ/Ϫ mice, as well as ecSOD protein and activity in aged mice, should be measured in a future study.
The findings of Lund et al. (16a) strongly support a critical role of ecSOD as a regulator of NO bioavailability and endothelial function during aging (Fig. 1) . As they pointed out, their findings will have potential clinical implications in relation to a gene polymorphism (R213G) found in humans in the heparinbinding site of ecSOD (15) . This gene variant impairs binding of ecSOD to the vessel wall and, thus, impairs protection of vessels from the increased levels of O 2
•Ϫ in the extracellular space (4). The findings of Lund et al. may explain why the risk of ischemic heart disease in subjects with ecSOD R213G is confined to individuals Ͼ70 yr old (15) . There are many unanswered questions. It has been shown that the level of ecSOD in cells is positively associated with the length of telomeres in human fibroblast lines (24) . Is this relevant to the findings of Lund et al.? ecSOD activity and expression are regulated at transcriptional and posttranslational levels (25) . For example, full activation of ecSOD requires copper carrier protein in order to obtain its catalytic copper (13, 22) . Does this protein play a role in regulation of endothelial function during aging through control of ecSOD activity? Addressing these questions will be essential to an understanding of the mechanism of oxidative stress-dependent cardiovascular diseases and aging, in which extracellular O 2
•Ϫ may play an essential role.
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